Methane can be an alternative fuel for vehicular usage provided that new porous materials are developed for its efficient adsorption-based storage. Herein, we search for materials for this application within the family of diamond analogues. We used density functional theory to investigate structures in which tetrahedral C atoms of diamond are separated by -CC-or -BN-groups, as well as ones involving substitution of tetrahedral C atoms with Si and Ge atoms. The adsorptive and diffusive properties of methane are studied using classical molecular simulations. Our results suggest that the all-carbon structure has the highest volumetric methane uptake of 280 V STP /V at p = 35 bar and T = 298 K. However, it suffers from limited methane diffusion. Alternatively, the considered Si and Ge-containing analogies have fast diffusive properties but their adsorption is lower, ca. 172-179 V STP /V, at the same conditions.
Introduction
Natural gas, composed primarily (70-90%) of methane, is being investigated as a potential alternative fuel for vehicular usage due to its growing supply and lower CO 2 emissions comparing to traditional fuels. A critical step towards its widespread usage as a fuel for motor vehicles is to develop an on-board system that occupies about the same volume as a gasoline tank, and likewise stores enough natural gas to deliver about the same amount of energy. However the volumetric energy density of methane is relatively low (0.038 MJ L À1 methane at standard temperature and pressure, compared with 46.4 MJ L À1 for gasoline). 1 In order to minimize the size of the on-board natural gas storage system, the volumetric energy density of methane must be significantly increased. The US Department of Energy (DOE) set a target for a material's CH 4 uptake in this application: at external CH 4 pressure of 35 bar and temperature of 298 K, the material should hold at least 180 volumetric units of CH 4 at the standard temperature and pressure per unit volume of the material (V STP /V). There are several approaches to accomplishing this: compression, liquefaction and adsorption on the surface of a porous material. The first two pose significant challenges due to safety and weight requirements on tank systems. The latter option poses challenges due to requirements on the porous material used for storage. There has been, however, tremendous progress made in this area, with many new classes of porous materials reported in recent years. New classes of adsorbent materials include both crystalline materials such as metal-organic frameworks (MOFs), [2] [3] [4] and noncrystalline materials such as porous polymer networks 5 (PPNs, also porous aromatic frameworks 6 (PAFs)). MOFs are typified by crystalline coordination polymers comprising multitopic organic ligands bound to metal ions or metal ion clusters; the most notable members of this class of materials exhibit unprecedented levels of porosity as evidenced by relatively high surface areas (as high as 7100 m 2 g À1 ), 7 and record-breaking gas sorption performance. However, MOFs have not yet been commercialized as natural gas sorbents due to their high cost and low chemical stability. PPNs are another class of porous materials that are being examined as potential methane sorbents. These materials are composed of covalently linked monomeric units that form tunable polymers exhibiting porosity. 8 For example, Zhou and co-workers at Texas A&M have developed a series of these porous polymers which exhibit superior chemical stability, and surface areas that approach those of some of the most porous MOFs.
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Determining the optimal structure of methane storage materials poses a significant challenge. It has to compromise two factors: on one hand the material needs to be highly porous (e.g. low density) to provide volume to store methane, on the other hand it needs adsorbent material (e.g. high density) that provides surface for the guest molecule to interact with and adsorb on. So far, identification of the optimal balance between these factors, that is identification of materials with high methane storage capacity, has involved exhaustive or brute-force enumerationand-screen strategies. 9 These methods are often expensive as they involve enumeration and analysis of large numbers of poorly performing materials; however, there has been progress in development of alternative approaches to the design of porous materials. For example, we have recently demonstrated a prototype of optimizationbased design that allows blueprints of molecular building blocks that maximize either gravimetric 10 or volumetric 11 surface area of a porous material to be obtained. Our method demonstrated that, for example, porous materials of common topologies achieve the highest volumetric surface area when they are constructed from relatively simple, non-branched building blocks. Similarly, the idea of using such simple building blocks, e.g. alkyne (-CC-), to boost surface area was investigated by others. 12, 13 An example of successful tuning of methane uptake by (a) using alkyne groups to provide surface area and (b) the choice of a relatively dense framework topology to maximize methaneframework interaction comes from Huang and coworkers, who designed a new allotropy form of carbon: D-carbon. 14 The structure is an analogue of diamond in which all C-C bonds are expanded with alkyne groups (i.e. extended diamond). As a result, the distance between nodes of the diamond network is increased resulting in a porous framework that allows for possible use in methane storage applications. The predicted D-carbon structure was obtained using a planewave-based density function theory (DFT) approach. The uptake of methane was calculated using grand canonical Monte Carlo (GCMC) simulations with force-field parameters that were fitted to an experimental adsorption isotherm of the COF-102 structure, 15 which is a crystalline porous polymer with relatively similar chemistry. It was reported that D-carbon exhibits a record high excess volumetric methane uptake of 255 V STP /V at 298 K and 35 bar, largely exceeding the DOE target value.
In the current study, we investigate the extended diamond structure as well as its analogues. Our DFT calculations consistently predict that the D-carbon structure has smaller pores than initially reported by Huang and coworkers, 14 affecting the material's performance in terms of both adsorption and diffusion. Herein, we note that the chemical makeup of the extended diamond structure can be further tuned. For porous polymers based on the diamond network, it is possible to exchange the tetrahedral carbon with Si or Ge atoms, i.e. PPN4 to PPN6 series reported by Zhou and co-workers. 5 Moreover, the alkyne group in extended diamond can be replaced with the isoelectronic -BN-group. In the following, we highlight our findings regarding methane adsorption and diffusion in extended diamond and its analogues.
Methods
We investigate the extended diamond structure using two systems: the orthogonal unit cell containing 40 atoms from Huang and coworkers 14 (denoted D-carbon) as well as a primitive unit cell with 10 atoms (denoted extDIA). Moreover, we consider analogues of extDIA, in which tetrahedral carbons are exchanged with Si and Ge. These structures are denoted as extDIA-Si and extDIA-Ge, respectively. The structures in which additional modifications are performed by exchanging the alkyne groups for -BN-groups are additionally marked with ''BN''. Fig. 1 illustrates extDIA and its analogues considered in this study. For each of the considered structures, we have performed full geometry optimizations, including lattice vectors. Initial optimizations involved the periodic semi-empirical PM6 method implemented in Mopac2012, 16 followed by DFT. In DFT calculations, all atomic positions and lattice vectors are relaxed until the residual forces on every atom are smaller than 0.02 eV Å À1 and the stress tensor components are smaller than 0.5 kbar using: (a) the Vienna ab initio simulation package (VASP) package 17 with the local density approximation (LDA) Each of the optimized structures has been characterized in terms of the lattice parameters, the unit cell volume, the density of the material, and geometrical parameters describing the pores (diameters of the largest included (D i ) and free sphere (D f ) and helium void fraction (VF)). These parameters were calculated using Zeo++ 23 with the high accuracy setting 24 and atomic radii adopted from the Cambridge Crystallographic Data Centre. A spherical probe of 1.2 Å radius has been used to simulate helium in the VF calculations. Additionally, we have analyzed methane adsorption and diffusion properties using molecular simulations. In the simulations, the framework was regarded as rigid, and periodic boundary conditions were applied. The simulation box was composed of multiple unit cells with the distance in each perpendicular direction at least twice the cut-off radius (R cut = 12.5 Å). The 12-6 Lennard-Jones potential model was adopted to describe the intermolecular interaction energies, in which we used the force field of ref. 14 for the framework atoms and the TraPPE model 25 for the methane molecule with the LorentzBerthelot mixing rule to predict all the pair-wise parameters.
For each Monte Carlo simulation of adsorption, several million configurations through random translation, deletion, insertion, and regrow moves were sampled to obtain statistically accurate ensemble-averages. For each molecular dynamics simulation of diffusion, the canonical ensemble with NoseHoover thermostat was adopted. The simulation was performed at the infinite dilution condition of methane inside the framework. The time-step for updating each particle's position and velocity was chosen to be sufficiently small (i.e., 0.5 fs) and the time span of each simulation was sufficiently long (i.e., 100 ns). The self-diffusion coefficient was then obtained from analyzing the mean square displacement (MSD) computed from a collection of dynamics trajectories. 26 
Results
The relevant geometrical parameters describing the considered structures are summarized in Table 1 . Additional information regarding the stability of the characterized species as well as performance of the semi-empirical PM6 method is placed in the ESI. † All of our DFT geometry relaxations for extended diamond have converged to very similar structures. The optimized unit cell volumes are within 3% difference and the corresponding densities are in the range 0.900-0.931 g cm À3 .
The largest included sphere diameter (D i ) is between 4.34 and 4.44 Å while the free (restricting) sphere diameter (D f ) is between 3.40 and 3.48 Å, depending on the functional used. However, the optimized structures obtained in our study show some differences compared to the previously reported D-carbon structure. 14 We obtained, however, a 3.7% smaller lattice constant, a = 9.5157 Å, even if we started from the same unit cell structure as in ref. 14 and used the same LDA functional in VASP. Very tight convergence control parameters (i.e., kinetic energy cutoff, k-point sampling, electronic convergence criterion and ionic convergence criterion up to 1000 eV, 7 Â 7 Â 7, 10 À7 and 10
À4
, respectively) produced essentially the same result. Also, our results from multiple functionals consistently predict structures with smaller pore diameters. In addition, we have further performed the calculation on the diamond structure with one of the investigated exchangecorrelational functionals (i.e., PBE). Our fully relaxed structure has the C-C bond length and density to be 1.542 Å and 3.535 g cm À3 , respectively, which are in excellent agreement with the experimentally reported data (i.e., 1.545 Å and 3.516 g cm
À3
)
. 27 Therefore, we may have confidence in the computed trends. Nevertheless, it is important to note that from a DFT point of view these differences may look minor. It is very encouraging that two independent studies using different methods agree on the basic structure of these novel materials. What is surprising is that these differences in geometrical parameters describing the pore structure have drastic influences on the calculated adsorption and diffusion performance of the materials. To illustrate this effect, we perform classical molecular simulations on our extDIA structures optimized with the PBE functional. The resulting methane adsorption isotherms are presented in Fig. 2 . The adsorption of CH 4 is higher in extDIA than in D-carbon at pressures higher than 10 bar, and it reaches 280 V STP /V at 35 bar. Assuming methane release at 1 bar for vehicular applications, both extDIA and D-carbon structures would have the same working capacity of 241 V STP /V. However, the extDIA structure exhibits a D f 0.2 Å smaller than the 3.68 Å identified for D-carbon, suggesting possible limitations on the diffusion of methane molecules, whose kinetic diameter is ca. 3.85 Å. Indeed, we calculated the self-diffusion coefficient of methane at 298 K in extDIA to be 2.5 Â 10 À11 m 2 s
À1
, an order of magnitude smaller than 3 Â 10 À10 m 2 s À1 obtained for D-carbon.
A possible strategy to increase methane diffusivity is to design an analogue of extDIA with slightly increased pore diameters. Substitution of the tetrahedral carbon with Si or Ge atoms leading to extDIA-Si and extDIA-Ge is considered. The structures of such analogues were relaxed using the PBE functional implemented in Quantum ESPRESSO. Their stability was confirmed by performing full phonon dispersion calculations, which is discussed in the ESI. † Molecular simulations of methane adsorption and diffusion were performed, adopting Dreiding force field parameters 28 for all elements not present in the extended diamond structure of ref.
14. The resulting materials indeed exhibit larger pores than extDIA, characterized by D i of 5.53 and 6.02 Å and D f of 4.61 and 4.83 Å for Si and Ge analogues of extDIA, respectively. Therefore, diffusion of methane is shown to be less restricted in these materials than in extDIA. The selfdiffusion coefficients for methane are 1.6 Â 10 À8 and 2.5 Â 10 À8 m 2 s À1 for extDIA-Si and extDIA-Ge, respectively. Unfortunately, the opening of pores also decreases the methane adsorption at pressures higher than ca. 6 bar. The methane adsorption at 298 K and 35 bar is 172 and 174 V STP /V for, respectively, extDIA-Si and extDIA-Ge. Moreover, the working capacity is much lower than for the extDIA structure, 138 and 144 V STP /V, respectively. Apparently, the opening of pores by using larger tetrahedral atoms in extDIA-Si and extDIA-Ge was too extensive. Fig. 2 The predicted excess methane adsorption isotherms obtained for the D-carbon structure of ref. 14, the extDIA structure, and its analogues. All structures are obtained using the PBE functional implemented in the Quantum Espresso software package.
In order to mitigate these negative impacts on adsorption performance in extDIA-Si and extDIA-Ge, we have investigated another analogue of extDIA-Si. Here, the pore size is reduced by replacing the -CC-alkyl group with a shorter isoelectronic -BN-group (Table 1) . This change is shown to lead to the extDIA-Si-BN structure exhibiting methane uptake of 179 V STP /V at 298 K and 35 bar, nearly meeting the ARPA-E target of 180 V STP /V. However, this structure has a much lower working capacity of 122 V STP /V. The self-diffusion coefficient for methane in extDIA-Si-BN is 1.7 Â 10 À8 m 2 s À1 , which is comparable to that of extDIA-Si exhibiting a D f 0.6 Å smaller. Finally, we have also investigated a carbon-based analogue of extDIA-Si-BN, extDIA-BN. The latter structure, however, exhibits a D f too small (2.93 Å) to permit diffusion of methane.
Conclusions
We have searched for materials for vehicular methane storage application within the family of diamond analogues. We used density functional theory and the semi-empirical PM6 method to investigate structures in which tetrahedral C atoms of diamond are separated by -CC-or -BN-groups, as well as ones involving substitution of tetrahedral C atoms with Si and Ge atoms. The materials' methane adsorption and diffusion properties have been studied using classical Monte Carlo and molecular dynamics simulations, respectively. Our results suggest that the all-carbon structure has the highest volumetric methane uptake at 280 V STP /V at p = 35 bar and T = 298 K outperforming the most promising MOF materials by ca. 35%. 29 However, it suffers from limited methane diffusion. The considered Si and Ge-containing analogues do not suffer from such diffusion limitations, however their adsorption is shown to be lower, ca. 172-179 V STP /V, at the same conditions.
